Introduction
A major focus in green chemistry over the past two decades has been the development of synthetic methods that involve ambient atmosphere conditions and environmentally benign solvents, such as water. 1 Central to this is the identification of catalysts that are stable under these conditions. 2, 3, 4, 5 Compounds of low toxicity main group metals, such as bismuth salts (e.g.
chloride, bromide, acetate, triflate), have been successfully employed as useful Lewis acid catalysts for a wide variety of organic reactions, such as oxidation, reduction, C-C bond formation, protection and deprotection of functional groups, C-X (X = C, O, S, I) bond formation, rearrangements, cyclizations and ring opening reactions. 6, 7, 8, 9 However, these compounds are susceptible to hydrolysis and react preferentially with water rather than the substrates.
D r a f t
Waste greases and oils are cheap and renewable sources of triglycerides that can be converted into fatty acid methyl esters (FAME), otherwise known as biodiesel. 19 Conventional transesterification processes usually involve strongly acidic or basic solutions as homogeneous catalysts. 20 However, free fatty acid (FFA) impurities react with basic solutions to form soaps, which makes separation of glycerol problematic. 21 Further, the presence of water leads to hydrolysis of oils and FAME in the presence of strong acids and bases. 22 Therefore, ideal homogeneous catalysts for biodiesel production from waste oils must catalyze esterification reactions of carboxylic acids (fatty acids) with alcohol, as well as transesterification reactions of triglycerides. 23 Lewis acidic tin, lead, mercury and zinc complexes of have been studied for their ability to facilitate these reactions, with tin compounds showing the most promising results. 20, 24, 25 We have previously reported that indium thiolate compounds incorporating (SOOS) We now report the synthesis and characterization of a series of (thiolato)bismuth compounds (4-9), and their ability to perform as water- 
Synthesis of [(ONS 2 )Bi(OAc)] (7)
Under a stream of dinitrogen, Bi(OAc) 3 
Transesterification of glyceryl trioctanoate
Glyceryl trioctanoate (0.150 g, 0.319 mmol) was dissolved in MeOH (1 mL, 0.792 g, 24.7 mmol) with subsequent addition of 10 mol% of the bismuth precatalyst (0.032 mmol). The resulting solution was refluxed for 19 h, after which excess alcohol was removed under vacuum.
The residue was extracted with diethyl ether (5 mL), washed with distilled water (5 mL), dried over anhydrous sodium sulfate, and the solvent removed under vacuum to yield the crude product. Samples were analyzed by 1 H NMR spectroscopy in CDCl 3 to determine conversion of glyceryl trioctanoate to methyl stearate.
X-ray crystallography
Crystals of 4-9 were isolated from the reaction mixtures as indicated above. Single crystals were coated with Paratone-N oil, mounted using a polyimide MicroMount and frozen in the cold nitrogen stream of the goniometer. A hemisphere of data was collected on a Bruker D r a f t was disordered and could not be modelled properly. The solvent molecule was modelled using disordered electron densities (SQUEEZE).
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Computational methods
DFT calculations were performed using Gaussian 09 at the B3LYP 6-31G* level of theory for all atoms except Bi, for which Stuttgart electron core pseudo-potentials (sdd) were employed. 36 All structures were geometry optimized and structural parameters for input files were derived from crystal structure data where possible. Frequency calculations were performed on all structures and gave no imaginary frequencies. Structural parameters are given in the Supplementary material. 
Results and discussion
Synthesis
X-ray crystal structures
Crystals suitable for X-ray crystallographic analysis were isolated from the corresponding reaction mixtures at 4°C (4-7), 23°C (8) or -15°C (9). Selected bond distances and angles are given in Tables 2 and 3 . The open coordination site is occupied by a stereochemically active valence lone pair of electrons. Overall, the bonding environment at bismuth resembles that of compounds 4 and 5.
Despite the change in connectivity of the ligand donor atoms in (NNS 2 ) versus (SNNS), the structural parameters for 6 are very similar to that of 4. However, the S2-Bi1-N1 angle 
D r a f t
The structure of [(ONS 2 )Bi(OAc)] (7) (Figure 4 ) is similar to that of 6, except that the ligand NEt 2 group is replaced with an -OMe group. The most significant structural differences in 7 are shorter Bi-S, Bi-N and Bi-O acetate bond distances. This is presumably a result of the weaker donor ability of the ether oxygen in (ONS 2 ) versus the amine nitrogen in (NNS 2 ).
The structure of [(ONS 2 )Bi(NO 3 )] (8) (Figure 5 ) contains four unique molecules in the asymmetric unit, and two different bonding environments at bismuth (see Table S1 ). The metal bonding environment at Bi1/3 is similar to that of 7 with the most significant structural The 1 H NMR spectrum of 9 in CDCl 3 at 23°C shows very broad peaks, which is presumably a result of weak Bi-N Et2 bonding interactions, as observed in the X-ray crystal structure, and fluxional behavior in solution. Peaks are better resolved at -50°C and complex second order patterns suggest the presence of geminal coupling. However, decreased solubility of the compound at lower temperatures precludes the collection of HSQC data and peak assignments are not possible.
Esterification and transesterification reactions
The esterification of stearic acid to methyl stearate was carried out in refluxing methanol for 4 hours using bismuth salts and compounds 4-9 as catalysts (Table 4) . BiCl 3 and Bi(NO 3 ) 3 ·5H 2 O gave near quantitative yields, respectively. Of the bismuth (di)thiolate compounds, compound 8 gave a low yield (22%), while trace amounts of product were found for 4-7 and 9.
The transesterification of methyl stearate to butyl stearate was carried out in refluxing nbutanol for 19 hours using bismuth salts and compounds 4-9 as catalysts (Table 5 ). Both BiCl 3 and Bi(NO 3 ) 3 ·5H 2 O gave high yields, with the latter near quantitative. Bismuth thiolate compounds 4-9 also gave high yields (79-100%), with the exception of compound 5 which gave a yield of 25%.
Finally, the transesterification of glyceryl trioctanoate to methyl stearate was carried out in refluxing methanol for 19 hours using bismuth salts and compounds 4-9 as catalysts ( We are currently preparing bismuth complexes with other thiolate ligand frameworks and exploring the application of these materials in additional green chemical syntheses.
Structures of 1-3
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